Reversing forest losses through restoration, improvement, and conservation is a critical
The challenge we face today is how to use forests proactively-to save and restore forests and manage forests for the benefit of climate-while delivering more food and fiber and preserving biodiversity and other ecosystem services. That challenge is the heart of this Special Section examining the role of forests as a climate change mitigation tool. Given the real potential of forests for carbon mitigation in the coming decades, we were asked to examine the opportunity that forests present, along with some of the constraints on that opportunity-ecological, biophysical, demographic, and economic. Specifically, we examine three questions for forest mitigation activities: (1) Where can forests help slow the buildup of greenhouse gases in the atmosphere? (2) To what extent can future management, including genetic engineering, extend productivity beyond what native and managed forests provide today? (3) How many extra resources, including water and nutrients, will be needed to achieve this productivity, and what will be the consequences for other ecosystem services?
These questions might be expressed as a single goal: to increase forest productivity globally while maintaining as many other ecosystem services as possible. We approach that goal using the questions above as an outline for the article. We first examine opportunities and conflicting demands on lands globally, using an economic model to explore competition for land use through climate policy levers in the United States. After considering the opportunities for, and constraints on, increased land area for forestry, we then D eforestation and other land-use changes have released approximately 150 billion metric tons (1 billion metric tons = 1 gigaton = 1 petagram) of carbon to the atmosphere since 1850, roughly one-fifth of the current atmospheric total (Houghton 2003) . Most of this carbon loss from plants and soils occurred as a result of the conversion of forests to croplands and pasture. Reversing or halting this loss, as has occurred in parts of the United States and Europe that are recovering from earlier cycles of deforestation, is a critical policy goal for greenhouse gas mitigation today. We have abundant opportunities to restore and protect forests around the world.
At the same time that climate change policy is creating incentives to preserve and restore forests, population growth and rising per capita consumption are increasing demands for food and fiber around the world. Global food demand is projected to grow 59% to 99% from 2000 to 2050, depending on actual population and economic growth rates (Southgate et al. 2007 ). Greater consumption of meat and grain is raising commodity prices and concerns about deforestation (Trostle 2008) . National policies supporting bioenergy expansion further amplify deforestation concerns. For instance, recent studies suggest that direct and indirect land-use changes for bioenergy expansion produce net carbon losses from ecosystems, not net gains (Fargione et al. 2008 , Searchinger et al. 2008 , Piñeiro et al. 2009 ). Despite existing policies and increased agricultural yields per area, deforestation is still occurring in the tropics and elsewhere.
Articles examine the opportunities for greater forest productivity per acre, focusing briefly on the opportunities for genetic engineering to improve yields. Because Jansson and colleagues (2010) cover genetic engineering in detail in this Special Section, we instead explore the effects that increased productivity and carbon management may have on ecosystems, using the ideas of Odum (1969) as a foundation. These topics include potential invasions, water provisioning, risk of fires, and gene transfer. Forests that are unmanaged or managed for multiple purposes are likely to be very different in structure and species composition than forests managed or engineered solely for maximum carbon uptake.
Land demands and policy levers Preserving today's forests and increasing forest regrowth and productivity are critical goals for greenhouse gas mitigation. To accomplish the policy targets of greater forest protection, restoration, and productivity, economic incentives must alter the market pressures driving land-use trends, particularly as the human population continues to grow. The human population, projected to surge beyond 9 billion by 2050 (Southgate 2009 ), will inevitably place new pressures on tropical forests and on the urban-rural fringe in countries such as the United States.
Given the projected demands for food, fiber, and energy over the next 50 years, policy incentives are needed if forest carbon sinks are to be increased. Such incentives include payments for avoided deforestation, improved carbon storage through forest management, afforestation on lands currently put to other uses, and the use of forest biomass for bioenergy production. In a climate change context, these incentives should compensate landowners for net carbon gained above business-as-usual scenarios. As a specific example, reducing emissions from deforestation and degradation (REDD) pays countries or landowners for carbon retained in trees that would otherwise have been lost through land clearing. For bioenergy, a price for greenhouse gas emissions boosts the demand for fossil-fuel substitutes, creating a new market for logging residues and for short-rotation woody crops grown specifically for cellulosic ethanol production or cofired bioelectricity generation.
Reducing deforestation and increasing forest stocks
Deforestation is a significant driver of anthropogenic greenhouse gas emissions, accounting for at least 12% of global carbon dioxide (CO 2 ) emissions and comparable in size to the emissions from the global transportation sector (e.g., Van der Werf 2009). Deforestation accounts for an overwhelming portion of total emissions of Brazil and Indonesia, the world's third-and fourth-largest emitters by volume (Gullison et al. 2007 ). Reducing deforestation rates and improving sustainable forest management may be difficult in a time of continuing population growth and agricultural expansion (Walker and Salt 2006, Ryan et al. 2010) . Nevertheless, financial incentives and policy levers can help in this important task.
REDD is a policy incentive that pays countries or landowners to preserve forests (Miles and Kapos 2008, Olander et al. 2008) . Several recent studies have evaluated REDD incentives by comparing baseline land-use trajectories to trajectories in which carbon payments compensate landowners for keeping forests intact. Recent modeling efforts suggest that approximately 1.8 billion tons of CO 2 equivalent (tCO 2 e) of global emissions per year, approximately one-third of the amount attributable to deforestation, can be eliminated for approximately $10 per tCO 2 e. At $20 and $30 per tCO 2 e, mitigation estimates rise to 2.5 billion and 2.9 billion tCO 2 e per year, respectively (Gullison et al. 2007 , Kindermann et al. 2008 . These greenhouse gas benefits from REDD activities would be accompanied by a halving of global deforestation rates by 2030 (Kindermann et al. 2008) .
Avoided deforestation is therefore a feasible, relatively cheap alternative for greenhouse gas mitigation that could produce many ecological benefits, including biodiversity conservation and additional net cooling from water recycling and biophysical effects (Fearnside 2005 , Jackson et al. 2008 , Keith et al. 2009 ). For these and other reasons, countries such as Brazil are increasingly interested in reducing deforestation under the rubric of REDD. The challenges of implementing REDD protocols include the method for distributing payments, uncertainties in land ownership and control, the means of establishing a proper deforestation baseline, and, as discussed below, leakage-shifts in the location of deforestation to places that are not currently monitored.
In addition to REDD and forest conservation in general, afforestation and forest restoration provide additional pathways for greenhouse gas mitigation. Afforestation is defined as the planting of forests in areas that have been without trees for at least 50 years (or some other arbitrary length of time). In the United States, afforestation has the potential to sequester approximately 370 million tCO 2 e per year, depending on the price of carbon (Jackson and Schlesinger 2004 , USEPA 2005 , SOCCR 2007 . Similarly, forest regrowth in the United States since 1940 has recovered about a third of US carbon lost to the atmosphere through deforestation and harvesting between the start of the Industrial Revolution and 1930.
Globally, the combination of reforestation and afforestation activities could reduce atmospheric CO 2 concentrations by as much as 30 parts per million (ppm) this century (House et al. 2002) . However, this potential mitigation is limited by many factors. One is the vulnerability of forests to increased disturbances, including those caused by pathogens, droughts, fires, and storms (Galik and Jackson 2009) . For example, the mountain pine beetle is projected to convert 374,000 square kilometers (km 2 ) of pine forest from a small net carbon sink to a large carbon source in Alberta alone, liberating 1 billion tCO 2 e to the atmosphere (Kurz et al. 2008 ). Climate change is another factor that could limit the potential for carbon sequestration in forests. The mountain pine beetle in Alberta is thriving in part because of warmer minimum temperatures in the winter and warmer and drier summers. A third potential limitation is landowner behavior in private-sector forestry, including decisions on what species to plant and how intensely to manage forests. Private forestry competes economically with agriculture, urban development, and other land uses. Landowner decisions will therefore dictate the success of some climate policy efforts, a topic we explore next.
Competition between forestry and other land uses Economic factors and human behavior, coupled with biological and physical factors, will help determine the role that forestry plays in greenhouse gas policy. Economic modeling is one approach for projecting how incentives can build the global forest carbon stock. Such models capture market behavior, land-use competition, and comprehensive greenhouse accounting, with different land-use types competing in a full economic system. Economic modeling is particularly helpful in mitigation analyses because it explicitly accounts for land-use competition between alternative uses. In the real world, afforestation and other forest practices must compete with food and biofuel production as well as with other possible uses of the same land; large mitigation "potentials" based solely on total land area will inevitably overestimate what is attainable in the marketplace.
To illustrate the effects of such competition for land, we use the US forest and agricultural sector optimization model with greenhouse gases (FASOMGHG) to simulate land-use trajectories and forest-based potential for mitigation scenarios. This model is a partial-equilibrium economic model of the US agricultural and forestry sectors. For our use, it simulates market responses to carbon price signals, including incentives for bioenergy and management practices that improve carbon sequestration or reduce greenhouse gas emissions. The model has been used in many previous studies of renewable energy and greenhouse gas mitigation policy (e.g., McCarl and Schneider 2001 .
The recently updated FASOMGHG includes a broader range of land-use categories to depict competition between privately owned cropland, forest, pasture, conservation lands, and development . The model also now contains more than 20 alternative biofuel feedstocks for producing starch-or sugar-based ethanol, cellulosic ethanol, and biodiesel. In addition, biomass from a variety of agricultural and forestry sources can be used for bioelectricity production. Commodity demand, energy market, and input-cost growth assumptions have also been updated to accurately represent current and future technology and market conditions. Forest productivity in the FASOMGHG is characterized by a number of physical and economic factors, including region, species, land suitability class, management intensity class, and age cohort. Forest carbon is tracked in soils, the forest floor, understory, and trees (including final products) using a methodology similar to the forest carbon model used by the US Forest Service (Birdsey 1996) that varies with the aforementioned factors. This formulation allows the model to simulate management responses to carbon price signals that, for instance, boost forest carbon stocks.
We began our analysis with a baseline trajectory of agricultural and forest production and land use that includes the bioenergy mandates imposed by the US Energy Independence and Security Act of 2007. To simulate the effects of greenhouse gas mitigation efforts, we imposed CO 2 -equivalent prices on all emission sources and sinks from agricultural and forestry activities. We then compared the results from policy incentives for greenhouse gas mitigation with the baseline scenario.
Economic incentives, such as greenhouse gas offset payments to landowners, could substantially alter the balance of forestry in the United States. Across mitigation price scenarios of $15, $30, and $50 per tCO 2 e, privately owned timberland in the United States in 2030 is projected to increase between 11.2 million and 23.5 million hectares above a baseline that declines over time because of development pressures. The forest expansion is caused by cropland and pasture afforestation, avoided deforestation, and longer rotation times. For our three carbon-price scenarios, approximately 3.4 million, 8.7 million, and 15.8 million hectares, respectively, are projected to convert from cropland to forestry by 2030 under the influence of carbon sequestration payments (figure 1a), although there are uncertainties in such estimates. For the $50-per-tCO 2 e scenario, potential afforestation by 2030 represents approximately 10% of the total US cropland stock currently in production. Such a shift in land resources would store substantial amounts of carbon in the next few decades. Additional mitigation options for forest management include lengthening rotation times, changing the species grown, reducing management intensity, and stand thinning.
For bioenergy production, we imposed the requirements of the renewable fuels standard (from the Energy Independence and Security Act of 2007) on the use of forest biomass for cellulosic ethanol. Bioelectricity production from forest biomass, however, is then allowed to respond to a given carbon price signal. The FASOMGHG can produce bioelectricity from logging and pulp-and-paper residues, as well as from dedicated short-rotation woody crops such as hybrid poplar and willow. Recent analyses suggest that use of forest biomass for electricity production should not be treated as carbon neutral as a result of land-use change emissions unless the biomass harvested for energy had sequestered "additional" carbon while growing (e.g., Searchinger 2009). Our analysis addresses this concern by imposing a carbon price on land-use change emissions above baseline levels, thus internalizing the cost of clearing land solely for bioenergy production.
Overall, we find significant net mitigation potential for the United States that ranges from 325 million to 730 million tCO 2 e per year on an annuity basis, including activities that improve carbon sequestration in forests (160 million to 315 million tCO 2 e), afforest dedicated agricultural lands (152 million to 390 million tCO 2 e), or promote bioelectricity from forest biomass (13 million to 26 million tCO 2 e; figure 1b).
Articles
Some activities, such as afforestation, need to be maintained for long time horizons, presenting a number of institutional complications and potentially leading to some adverse market impacts that we discuss below.
Uncertainties and barriers to forest mitigation Reduced deforestation rates, forest regrowth, improved forest productivity, and afforestation are all possible options for increasing the global forest carbon stock. Implementing policies that promote these practices can be difficult, however. Given the promise of forest mitigation for climate policy, what are some of the barriers or impediments to such efforts?
Recent work has described numerous potential barriers to forest policy improvements. One is the extent to which reducing agricultural land area-10% or more in our simulations for the United States-would increase commodity prices nationally and globally ( figure 1c, 1d) . Another barrier to forest credits is the transaction cost, including aggregating, verifying, and enforcing greenhouse gas offset activities . A third barrier is the issue of additionality, the notion that greenhouse gas savings must be "additional" to what would have happened without a policy incentive. Finally, a lack of permanence-the loss of forest carbon back to the atmosphere within a given time periodmay also reduce the effectiveness of some forest activities (e.g., Canadell and Raupach 2008, Galik and ). In fact, some authors have proposed that temporary carbon "rentals," rather than permanent credits, are a better model for greenhouse gas mitigation activities, perhaps as an extension of the Conservation Reserve Program for forests (e.g., Marland et al. 2001) .
One particular barrier that we highlight here for more detailed discussion is the potential for leakage. To what extent will forest mitigation activities drive agricultural development elsewhere, particularly into tropical forests and marginal agricultural lands? The global marketplace connects such effects in an increasingly direct way, as recent biofuels analyses have suggested (Fargione et al. 2008 , Searchinger et al. 2008 .
Characterizing leakage requires that a marginal increase in land-clearing activities in one region can be at least partly attributed to a market price response brought on by production decisions in another. Hence, by allocating land in one area away from conventional commodity production and toward bioenergy production or carbon sequestration, altered market conditions may induce land-use change in another region. In a worst-case scenario, the resulting emissions from land clearing can be large enough to offset the carbon benefits of the original mitigation activity.
Leakage is often thought of in a biofuels context (e.g., Searchinger et al. 2008 ), but pure climate change mitigation activities can also lead to indirect land-use changes. Several studies have evaluated leakage from forest conservation, altered forest management practices, and afforestation efforts (Murray et al. 2004 , Gan and McCarl 2007 , Sun and Sohngen 2009 ; upward pressure on commodity markets from forest carbon sequestration can shift timber production elsewhere, leading to diminished greenhouse gas gains for the mitigation effort. This effect can vary tremendously, with leakage estimated to range from less than 10% to more than 90% of total mitigation, depending on the region and activity undertaken (Murray et al. 2004) .
Although the FASOMGHG is not a global timber supply model and does not represent agricultural production and land use outside the United States, our results reveal important information about domestic forest offsets, bioenergy, and potential international leakage. For instance, as soon as the greenhouse gas mitigation policy is put into effect in 2010, simulated agricultural prices and imports rise for a given CO 2 e price (figure 1c). More broadly, US agricultural exports decline substantially, as well (figure 1d). Reduced US agricultural exports can lead to international leakage as production expands elsewhere to satisfy global demand for food and fiber. Hence, by afforesting US cropland, boosting bioenergy production, and decreasing transfers of land into agriculture, a lower food and fiber supply induces higher commodity prices and lower agricultural exports. Note, however, that a number of factors contribute to this shift in commodity prices, including additional production of dedicated bioenergy on productive agricultural lands, and shifts in livestock management patterns. Further research on the topic of leakage is desperately needed to encourage policy that maximizes terrestrial greenhouse gas mitigation potential while reducing emissions from land-clearing activities outside the United States.
Resource demands and potential trade-offs for intensively managed forests Now that we have examined issues surrounding the additional land area needed for forest mitigation, we turn to the consequences of the second mitigation opportunity: greater productivity per area. Jansson and colleagues (2010; this issue) describe the potential for increased forest productivity through genetic engineering and improvement; we instead focus on the demands that the intensification of forestry will place on ecosystems. We use Gene Odum's framework to begin examining this issue.
In a seminal paper in ecology, Odum (1969) characterized the opportunities and trade-offs that accompany attempts to maximize net primary productivity. Describing the bioenergetics of ecosystem development, he defined the goal of intensive forestry and agriculture as achieving "high rates of production of readily harvestable products with little standing crop left to accumulate on the landscape." Often in land management, these high rates of productivity are obtained by managing for early successional species in monocultures. For the ecosystem pictured in figure 2, maximum productivity (and potential harvest) occurs after about 30 years.
Odum also recognized that managing lands for maximum productivity sometimes reduced the amount or quality of other services that ecosystems provide. His list of trade-offs included invasions (as a subset of biodiversity loss), clean water, and climate feedbacks (Odum 1969) . We examine Odum's trade-offs for the intensification of forestry, including increased invasion and fire risk, water use, and transgene spread.
We do not discuss in detail-but do acknowledge-the loss of biodiversity that occurs when native ecosystems are replaced with monocultures. A diverse native forest and a monoculture plantation may have the same carbon storage but differ substantially in other services that people value. This trade-off was apparent to Odum and others many decades ago. In reality, many managed systems have lower productivity than their natural counterparts and require fertilizers and other high-intensity inputs to boost growth. If croplands and forest ecosystems are fertilized, some of the applied nitrogen is inevitably lost as nitrous oxide and other greenhouse gases, offsetting at least some of the ecosystem gains from carbon sequestration (e.g., Magill et al. 1997 ). 
Odum's classic perspective bears a fresh look for carbon mitigation policy today.
Risks of invasion
The United States alone has more than 50,000 invasive species that cost, collectively, about $100 billion each year (though the figure is hard to estimate accurately). These invaders are also the primary threat to 42% of threatened and endangered species in the United States (Pimentel et al. 2005) . Although tree species increasingly suffer the effects of invasive insects and pathogens (Chornesky et al. 2005) , forestry species themselves invade native landscapes throughout the world (Thompson et al. 2009 ).
Of the more than 110 pine species found worldwide, only one, Pinus merkusii, is native to the Southern Hemisphere. Nevertheless, pines have become a mainstay of forestry in much of South America, Africa, Australia, and New Zealand (Richardson and Petit 2006) . At least 18 pine species in the Southern Hemisphere are currently invasive in four or more countries per species, including Pinus pinaster, Pinus elliottii, Pinus patula, Pinus taeda, Pinus halepensis, and Pinus radiata (Richardson and Petit 2006) . In South Africa, where 80 or more pine species have been planted, P. pinaster has invaded thousands of square kilometers of native fynbos, a biodiversity hot spot, with P. radiata and P. patula also expanding in area (Richardson et al. 1994 , Rouget et al. 2004 . Pines have similarly invaded native eucalypt forests in Australia (e.g., Williams MC and Wardle 2005) .
High-productivity eucalypts can also be invasive. Based on their history in California, two eucalypt species, Eucalyptus globulus (Tasmanian blue gum) and Eucalyptus camaldulensis (red gum), are already classified as invasive in California (Bossard et al. 2000 , Cal-IPC 2006 . Data from eucalypts also illustrate a more general result in invasion biology: The more often a species is planted, the more likely it is to become invasive. In southern Africa, the number of records of spontaneous occurrences of 57 Eucalyptus species correlates strongly with the number of plantations on which each species is grown (Rejmánek 2000) . An increase in the plantings of exotic plantation species worldwide will almost certainly increase invasions into native habitats.
Predicting the potential ranges of invasive species is difficult because hybridization and adaptation to novel environments can expand species' ranges beyond the conditions in which they were originally found (Bossdorf et al. 2005) . Rhododendron ponticum, native to the Mediterranean and Black Sea regions, is one of the most problematic invasive plants in the British Isles, where landowners have spent millions of dollars to control it (Dehnen-Schmutz et al. 2004 ). Analyses of chloroplast and nuclear ribosomal DNA suggest that the invasive individuals of R. ponticum came from the relatively warm Iberian Peninsula (Milne and Abbott 2000) . Molecular data also suggest that hybridization of invasive R. ponticum with Rhododendron catawbiense, a horticultural species from the Appalachian Mountains, most likely provided the cold tolerance that allows R. ponticum to survive in Scotland and other habitats that are colder than its native range (Milne and Abbott 2000) . This potential for hybridization and adaptation shows that invasive species will not always stay within their predicted climate envelope after they establish.
Invasive trees are problematic not just for their effects on native species but for the water and other resources they consume. Versfeld and colleagues (1998) found that about 10.1 million hectares (ha), or 6.8% of South Africa, had been invaded by woody aliens. These alien plants consume approximately 6.7% of the country's runoff and would cost $860 million to clear over 20 years (Le Maitre et al. 2000) . Studies in four South African catchments show that partial invasion by pines, eucalypts, acacias, and other woody species have reduced annual stream flow by 7% to 22%; if invasives were allowed to reach 100% of canopy cover in the catchments, the estimated decreases in stream flow would be 22% to 96% (Le Maitre et al. 2002) . In response to this problem, South Africa launched the Working for Water program, which has cleared invasives from more than a million hectares of land since 1995.
Water trade-offs
From the pioneering work of Arnold Engler (1919) and Charles Hursch (e.g., Hursch and Brater 1941) , research has clearly shown that trees consume more water-sometimes much more water-than do grasslands, croplands, and shrublands (Holmes and Sinclair 1986 , Vertessy 1999 ). Forests and tree plantations tend to have greater leaf surface areas and greater transpiration than other ecosystems (e.g., Calder 1986). They also typically have more extensive root systems, allowing water uptake from deeper underground, and their canopies intercept more water, keeping precipitation from reaching the soil (Schenk and Jackson 2002) .
How extensive are these reductions in stream flow caused by plantations, and where may problems be the greatest? A global analysis of more than 500 years of catchment data showed that plantations reduced total annual stream flow by 180 millimeters (mm), or 38% on average, compared with native grasslands and shrublands; 10-to 20-year-old stands showed the largest losses of 227 mm, or 52% . Stream flow losses are also positively related to the net primary production (NPP) of the planted stands, with eucalypts increasing evapotranspiration more than most other trees because of their early rapid growth and canopy closure (Dye 1996) . One trade-off highlighted by Odum (1969) is that maximizing forest productivity will inevitably increase water use.
If plantation forestry is pushed into marginal, drier habitats by competition with other land uses (see above), relative water losses are likely to be even greater . Although absolute losses in stream flow were larger for plantations at wetter sites ( 1500 mm annual precipitation), relative losses were greater at drier sites freezing tolerances, while also reducing lignin content and increasing cellulose concentrations where desirable (e.g., Grace et al. 2005 , Grattapaglia and Kirst 2008 , Nelson and Johnsen 2008 . Decreasing lignin content by as much as 30% (e.g., Kawaoka et al. 2006) can reduce bleaching costs for the pulp and paper industry, whereas increased cellulose concentrations can improve ethanol yields for biofuel production. In Europe, the first field trial of genetically modified trees was a planting of herbicide-resistant poplars in Belgium in 1988; at least six more European countries have had additional trials. In China, genetically modified poplars have been commercially available since 2002.
Because Jansson and colleagues (2010, this issue) discuss the potential for genetically engineered trees to increase primary productivity and to be useful as fuel sources, we examine some of the associated risks. One potential risk of plantation crops and trees, particularly transgenic ones, is gene flow or "contamination" to surrounding individuals, species, and areas. Examples include invasion of the species outside of the planted area, transgene flow to compatible wild species, and potential transgene introgression. Such establishments and gene flow have been documented in transgenic crop and forage species. For instance, glyphosate-resistant creeping bentgrass, Agrostis stolonifera, has established and persisted in abundance beyond where it was originally planted; gene flow to surrounding plants of the same and different Agrostis species from windborne pollen has also been clearly documented (Watrud et al. 2004 , Zapiola et al. 2008 .
For trees, the risks of transgene flow depend on many factors, including the distance and direction pollen and seeds travel, synchronies in the timing of flowering and pollination, and various reproductive barriers (e.g., Williams CG et al. 2006 , Barbour et al. 2008 . Because trees are taller than grasses, wind-dispersed tree pollen will likely travel farther-many miles downwind from its site of origin (e.g., Williams CG 2008) . The potential for transgene flow in trees may also be greater than in crops because most crops have been isolated by selective breeding for hundreds or thousands of years, whereas selective breeding in forestry is more recent. On the other hand, genetic engineering of sterility can reduce the likelihood of transgene flow in all species (Richardson and Petit 2006) , although complete sterility in any large population is unlikely (Strauss et al. 2004, Van Frankenhuyzen and Beardmore 2004) .
Genetically modified eucalypts as a case study
Research is under way in the United States on many genetically modified horticultural and forestry species, including the hybrid of E. grandis and Eucalyptus urophylla recently approved in May of 2010 for field trials in seven states. The hybrid eucalypt has been engineered with gene constructs that provide three benefits: (1) cold or freezing tolerance, reducing vulnerability to cold temperatures in the southern United States; (2) reduced lignin biosynthesis for improved pulp and paper applications and possibly for biofuels; and (3) reduced tree fertility, making them less likely to be invasive or ( 1000 mm mean annual precipitation), with annual stream flow declining by two-thirds (figure 3). Relative losses in low or base flow were even bigger than losses in annual flow. Dry-season losses may therefore be even more severe, leading to shifts from perennial to intermittent flow in some cases.
One way to reduce losses in water yield is to increase forest life spans and plantation rotation times. Catchment data from two sites in South Africa with P. radiata and Eucalyptus grandis show that 20 to 25 years after planting, losses in water yield dropped by half (Scott and Prinsloo 2008) . At the Tierkloof catchment, where 36% of the catchment was planted in P. radiata, the loss in annual stream flow for the plantation decreased from approximately 50% to 20% compared with native fynbos (Scott and Prinsloo 2008) . Thus, land managers could decrease rotation times and maintain older forests to reduce water losses; however, such a strategy is sometimes incompatible with the goal of maximizing productivity on the landscape (figure 2).
What else can be done to lessen carbon and water tradeoffs? Planting only part of a catchment with trees would reduce the likelihood of complete stream loss, particularly in drier areas. Using deciduous instead of evergreen species can reduce water losses in some cases and help to maintain a productive understory for livestock and wildlife. Breeding and genetic engineering for drought tolerance may also increase water-use efficiency for commercial trees in the coming decades. All of the approaches mentioned here reduce the amount of extra water needed but are likely to decrease the maximum storage that forests can provide per area. If maximizing forest net primary productivity remains the goal, then growing more wood will require more water.
Transgene flow
At least a half dozen important forestry genera are currently targets of genetic engineering, including Populus, Pinus, and Eucalyptus. These efforts can substantially improve productivity per acre, insect resistance, and heavy metal and Articles immediately, ideally establishing baseline data before commercial plantings. There would be many advantages to this approach, which would use the species as a study system not just for productivity measurements but for also additional research to quantify the risks described above, including water losses, invasion potential, and transgene flow. For instance, catchment studies should be established now in at least a few sites to provide baseline data on water flow for later comparisons with paired eucalypt stands.
Commercialization will likely help growers compete in an increasingly global marketplace. The fast growth rate of the trees may also help maximize productivity and could potentially offset some fossil-fuel use. However, the risks that accompany eucalypt introductions are difficult to quantify without long-term data, and are hard to correct should they occur. Finally, commercial forestry in the United States has historically been based solely on native species. With the introduction of transgenic eucalypts, that forestry era is about to end.
Conclusions
At the start of this article we posed three questions for forest climate mitigation. Specifically, we examined some opportunities and constraints associated with forests' ability to maximize climate benefits while maintaining as many other ecosystem services as possible. Reduced emissions from deforestation and degradation is an immediate opportunity that could offset about 10% of current fossil-fuel emissions. Reforestation and afforestation together could reduce atmospheric CO 2 concentrations by as much as 30 ppm this century. However, forestry must compete economically with other land uses, including agriculture, recreation, and urban and suburban development, which will limit the opportunity for forest mitigation without economic incentives. In our simulations, replacing cropland or boosting bioenergy production provides substantial greenhouse gas benefits in the United States but could reduce the food and fiber supply along with agricultural exports, while inducing higher commodity prices and agricultural imports, particularly from Brazil and other tropical countries where deforestation emissions are of paramount concern.
The intensification of forest management brings substantial opportunities to produce more biomass per unit of land, reducing some of the pressures on land conversion globally. Genetic engineering offers the promise of improved yields, resistance to pests, and many other benefits. The intensification of forestry also carries some potential trade-offs, however, including increased water use, fertilizer applications that could raise trace-gas emissions, and a greater likelihood of species invasions.
As Odum (1969) described, "Man has generally been preoccupied with obtaining as much 'production' from the landscape as possible, by developing and maintaining early successional types of ecosystems, usually monocultures. But, of course, man does not live by food and fiber alone; he also needs a balanced CO 2 -O 2 atmosphere, the climatic buffer provided by oceans and masses of vegetation, and clean (that to contaminate neighboring plants. The fast-growing hybrid is likely to be released commercially in the United States to be planted in a belt from east Texas to Georgia and Florida.
The opportunity to grow eucalypts in the southeastern United States presents some economic advantages for foresters. Foresters, both public and private, face growing challenges in the region (e.g., Wear and Greis 2002) . They compete in an increasingly global marketplace, particularly with tropical forestry that can complete a rotation in half the time with lower labor costs. Southeastern foresters also face economic pressures from urbanization and population growth in the region. The chance to grow high-productivity eucalypts to complement traditional pine forestry in the Southeast could bring important benefits (e.g., Fenning and Gershenzon 2002) .
The large-scale planting of genetically modified eucalypts across the southeastern United States also raises some questions about sustainability and risk management. Switching land use from pasture and agriculture to eucalypts will almost certainly decrease local stream flow, as described above, and possibly affect aquatic diversity. Almost half of all animals listed as federally endangered in the United States are aquatic species (e.g., Dobson et al. 1997 , Jackson et al. 2001 ). As described above, eucalypts also have a history of invasion, including in the United States (Bossard et al. 2000 , Cal-IPC 2006 ; in general, the larger an area of planting for an exotic species, the greater the likelihood of invasion (Rejmánek 2000) .
The risk of invasion can compound with another attribute of eucalypts-their propensity to burn. Eucalypts are generally well adapted to frequent fires and are more fire prone than most temperate forest species, which poses potential risks that should be minimized through management. In Canberra, Australia, a combination of drought, high winds, and suburban encroachment contributed to the catastrophic eucalypt bushfires in 2003 that burned 500 homes and caused half a billion dollars of economic damage (e.g., Fromm et al. 2006) . Eucalypts are also generally high emitters of volatile organic compounds that can lower the flashpoint for fires (e.g., Maleknia et al. 2009 , Wilkinson et al. 2009 ). The propensity of eucalypts to burn and their ability to regenerate quickly after fire suggest a possible risk of postfire invasion into surrounding landscapes. Eucalypts often increase in dominance relative to other less-fire-tolerant species in postfire environments (e.g., Pekin et al. 2009 ).
However, invasive transgenic eucalypts planted in the southeastern United States would likely pose a lower risk for gene transfer than would genetically modified pine species such as P. taeda. Pinus taeda is common in the region, and the potential for hybridization among pine species is fairly high. A eucalypt planted among native eucalypt species in a different region would have a similar potential for hybridization (e.g., Barbour et al. 2008) .
Overall, transgenic eucalypts are likely to be commercialized in the United States. Because of this, we believe that the US Department of Agriculture should establish a eucalypt monitoring program for the southern United States is, unproductive) water for cultural and industrial uses.... In other words, the landscape is not just a supply depot but is also the oikos-the home-in which we must live" (p. 266). Our goal should be to conserve, restore, and improve forest productivity, while preserving the quality of life for people and other species on Earth.
